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The discrepancy in measurements of the Hubble constant indicates new physics in dark energy, dark
matter, or both. Drawing inspiration from string theory, we explore possible solutions to overcome
the H0 problem. We investigate the interplay between the cosmological determination of ∆Neff and Z′
searches at the LHC Run3.
PACS numbers:
THE STORYLINE: The concordance model of cos-
mology, with dark energy (Λ), cold dark matter (CDM),
baryons, and three flavors of one helicity state neutri-
nos (left-handed νL along with their right-handed νR)
provides a consistent description of big-bang nucle-
osynthesis (BBN), the cosmic microwave background
(CMB), and the galaxy formation epoch. However, de-
spite the impressive successes of ΛCDM in describing
a wide range of cosmological data, various discrep-
ancies have persisted. Most strikingly, the emerging
tension in the inferred values of the Hubble constant
H0 = 100 h km s−1 Mpc−1. H0 parametrizes the expansion
rate and thus provides clues about the cosmological en-
ergy content of the universe. Drawing inspiration from
string theory, we explore possible solutions to overcome
the H0 problem.
To set up some context of the current H0 measure-
ments, we start the discussion with the classical dis-
tance ladder approach. This method combines Cepheid
period-luminosity relations with absolute distance mea-
surements to local anchors so as to calibrate distances to
supernovae type Ia (SNe Ia) host galaxies in the Hubble
flow. In Fig. 1 we show various values of the Hubble
constant as a function of the publication year. We can
see that the uncertainties have continued to come down
with time. Beginning with the H0 determination of the
Hubble Key Project that has an uncertainty of roughly
10% [1], the error bars have reduced considerably to
about 1.9% in the latest result from the SH0ES group
that gives H0 = 74.03 ± 1.42 km s−1 Mpc−1 [7].
As a matter of choice, we can also extrapolate the
value of H0 from cosmological observations, particu-
larly from measurements of temperature and polariza-
tion anisotropies in the CMB [21]. These anisotropies
encode information on the relativistic energy density at
the surface of last-scattering. In CMBology θ∗ is the an-
gular size of the sound horizon at recombination. This
angular scale can be inferred from the anisotropy power
spectrum shown in Fig. 2. Deducing the H0 value from
θ∗ requires a model to describe the expansion history
of the universe both before the radiation decouples from
matter and since that decoupling. For ΛCDM, the Planck
Collaboration finds H0 = 67.4 ± 0.5 km s−1 Mpc−1 [16].
Adding to the story, the CMB measurements can be
combined with probes of the expansion history at lower
FIG. 1: The Hubble constant as a function of the publication
date. The solid lines indicate the evolution of the mean mea-
surements and the shaded regions span values within one stan-
dard deviation of the mean. The blue color represent values of
H0 determined in the nearby universe with a calibration based
on the Cepheid distance scale applied to SNe Ia. The first
measurement is from the Hubble Key Project [1], the next two
measurements are from the SH0ES group [2, 3], the fourth mea-
surement is from the Carnegie Hubble Program which used
mid-infrared data to recalibrate the data from the Hubble Key
Project [4], and the last three measurements are also from the
SH0ES group [5–7]. The brown color indicates derived values
of H0 based on the ΛCDM model and measurements of the
CMB. The first five measurements are from WMAP [8–12], the
next two are from the Planck mission [13, 14], then there is the
estimate from the dark energy survey + baryon acoustic oscil-
lations + BBN [15], and the last point is also from the Planck
mission [16]. The red color indicates local H0 measurements
with a calibration based on the tip of the red-giant branch dis-
tance scale applied to SNe Ia [17–20]. Adapted from [19].
redshift, such as baryon acoustic oscillation (BAO) or
SNe Ia distance measurements for a cross calibration of
the cosmic distance ladder [25]. While standard can-
dles, calibrated from the local measurement of H0 pro-
vide a “direct” cosmic distance ladder (from nearby out
towards cosmological distances), the BAO provides an
“inverse” cosmic distance ladder, calibrated using the
inferred ΛCDM sound-horizon scale at the surface of
last scattering and extended in, towards lower redshifts.
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FIG. 2: The CMB spectrum Cl ≡ l(l + 1)Cl as observed by
Planck [16], the South Pole Telescope (SPT) [22], and the Ata-
cama Cosmology Telescope (ACT) [23]. The angular variations
of the CMB power spectrum are consequence of the dynamics
of sound waves in the photon-baryon fluid. On large scales
(region I), the fluctuations are frozen and we directly see the
spectrum of the initial conditions. At intermediate scales (re-
gion II), we observe the oscillations of the fluid as captured
at the moment of last-scattering. Finally, on small scales (re-
gion III), fluctuations are damped because their wavelengths
are smaller than the mean free path of the photons. This figure
is courtesy of Daniel Baumann and has been published in [24].
SN Ia and BAO measurements overlap in redshift and
so the direct and inverse cosmic distance ladders can be
calibrated off one another. The statistical errors in both
distance measures as function of redshifts are reaching
percent level.
The latest chapter in the story is courtesy of the
Carnegie-Chicago Hubble Program. As we can see in
Fig. 1 the latest H0 measurement, with a calibration of
SNe Ia that is based on the tip of the red-giant branch
distance scale, falls in between the previous determina-
tions: H0 = 69.8 ± 1.9 km s−1 Mpc−1 is between 1.2σ of
the CMB result and it is also consistent at better than
2σ with the Cepheid distance scale measurement [20].
Independent measurements using time-delays of mul-
tiply imaged quasars by the H0LiCOW Collaboration
and gravitational waves by the LIGO-Virgo Collab-
oration lead to H0 = 73.3+1.7−1.8 km s
−1 Mpc−1 [26] and
H0 = 68+14−7 km s
−1 Mpc−1 [27], respectively. Remarkably,
the study of statistically independent datasets shows
that the significance of the discrepancy between local
H0 measurements and the early universe prediction is
4.4σ [28], providing strong evidence for physics beyond
ΛCDM.
THE HUNT FOR LIGHT RELICS: The SU(3)C ⊗
SU(2)L ⊗U(1)Y standard model (SM) of particle physics
has recently endured intensive scrutiny, with a dataset
corresponding to a total integrated luminosity of 66 fb−1
of pp collisions at
√
s = 13 TeV, and it has proven once
again to be a remarkable structure that is consistent with
all experimental results by tuning more or less 19 free
parameters [29]. However, the SM is inherently an in-
complete theory, as it does not explain all known fun-
damental physical phenomena: the most obvious omis-
sion is that it does not provide a unification with gravity.
Knowing that the SM is incomplete leads us to search for
new fundamental particles. On the one hand, the search
for heavy particles will continue at the LHC in 2021. On
the other hand, we have seen that CMB anisotropies are
sensitive to the relativistic energy density at recombina-
tion, and so from this we can gain information about the
number of light species at the surface of last-scattering.
The presence of any additional light species with g
degrees of freedom is usually characterized by
∆Neff ≡ Neff −NSMeff
= g
(
10.75
g∗(Tdec)
)4/3
×
{
4/7 boson
1/2 fermion , (1)
where
Neff ≡
ρR − ργ
ρνL
(2)
is the number of “equivalent” light neutrino species in
units of the density of a single Weyl neutrino
ρνL =
7pi2
120
( 4
11
)4/3
T4γ , (3)
ργ is the energy density of photons (with temperature
Tγ), ρR is the total energy density in relativistic particles,
Tdec is the temperature at which particle species decouple
from the primordial plasma, and the function g∗(Tdec) is
the number of effective degrees of freedom (defined as
the number of independent states with an additional
factor of 7/8 for fermions) of the SM particle content at
the temperature Tdec [30].1 The normalization of Neff
is such that it gives NSMeff = 3.046 for three families of
massless νL [32]. Note that the SM value slightly exceeds
the integer 3 mainly because neutrinos do not decouple
instantaneously, and this enables them to share some of
the energy released by e+e− annihilations.
The change in g∗(T) (ignoring mass effects) is given
in Table I. Comparing the 106.75 degrees of freedom of
the SM with the 10.75 degrees of freedom of the primor-
dial plasma before neutrino decoupling it is straight-
forward to see that for a massless (real) spin-0 scalar,
spin- 12 (Weyl) fermion, and massive spin-1 vector boson
1 If relativistic particles are present that have decoupled from the
photons, it is necessary to distinguish between two kinds of g∗: gρ
which is associated with the total energy density, and gs which is
associated with the total entropy density [31]. For our calculations
we use g∗ = gρ = gs.
3TABLE I: Effective numbers of degrees of freedom in the
SM. Tcrit indicates the critical temperature of the confinement-
deconfinement transition between quarks and hadrons [31].
Temperature New particles 4g∗(T)
T < me γ + νe,µ,τνe,µ,τ 29
me < T < mµ e± 43
mµ < T < mpi µ± 57
mpi < T < Tcrit pi0, pi± 69
Tcrit < T < mc −pi0, pi± + u, u¯, d, d¯, s, s¯, g 247
mc < T < mτ c, c¯ 289
mτ < T < mb τ± 303
mb < T < mW,Z b, b¯ 345
mW,Z < T < mH W±,Z 381
mH < T < mt H0 385
mt < T t, t¯ 427
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FIG. 3: Variation of the CMB spectrum Cl ≡ l(l + 1)Cl as a
function of Neff for fixed θ∗. This figure is courtesy of Daniel
Baumann and has been published in [24].
the contributions to Neff asymptote to specific values of
∆Neff = 0.027, 0.047, and 0.080; respectively. (Asymptote
here refers to relativistic species decoupling just before
tt¯ freeze-out.)
As an aftermath, any contribution of light relics to
the energy density leads to observable consequences in
the CMB temperature and polarization anisotropy. As
shown in Fig. 3, the main effect of ∆Neff > 0 is to increase
the damping of the CMB spectrum. Increasing Neff also
increasesH(z∗), the expansion rate at recombination. The
main limiting factor in constraining ∆Neff from CMB
measurements of θ∗ is a degeneracy with the primordial
helium fraction YP ≡ nHe/nb. For a fixed fractional den-
sity of baryons Ωbh2, increasing YP reduces the power in
the damping tail. In other words, the parameters YP and
Neff are anti-correlated [24]. Combining CMB, BAO, and
BBN observations and considering a single-parameter
extension to the based-ΛCDM model the Planck Collab-
oration reported Neff = 3.04+0.22−0.22, which translates into
a limit of ∆Neff < 0.214 at the 95% CL [16]. This limit
combines the helium measurements of [33, 34] with the
latest deuterium abundance measurements of [35] us-
ing the the PArthENoPE code [36] considering d(p, γ)3He
reaction rates from [37]. Should they instead use the he-
lium abundance measurement of [38] in place of [33, 34]
would have lead to Neff = 3.37 ± 0.22 [16]. This gives a
95% CL limit of ∆Neff < 0.544, which is in 2.9σ tension
with NSMeff . Both these bounds have the power to exclude
many beyond SM physics models (e.g. [39]).
Now, we can ask ourselves whether ∆Neff > 0 which
increases H(z∗) can solve the trouble with H0. In Fig. 4
we show the normalized posterior distributions of h
for different choices of Neff in the ΛCDM 6 parameter
fit of [40]. It is evident that the most restrictive 95%
CL upper limit on ∆Neff from the combination of CMB,
BAO, and BBN observations [16] severely constrains a
solution of the H0 problem in terms of additional rela-
tivistic degrees of freedom. Consideration of the larger
helium abundance measured in [38], still precludes a
full solution of the H0 problem in terms of additional
light species at the CMB epoch.
ECHOES OF VIBRATING STRINGS? String theory
is the most promising candidate for a consistent quan-
tum theory of gravitationally interacting matter fields.
Therefore, it of interest to explore whether stringy mod-
els can solve the H0 problem. Realizing de Sitter vacua
in string theory is challenging. A varying dark energy
seems more string theory friendly. This is because string
compactifications allow for quintessence fieldsφ that can
be the source of dark energy, in the sense that the field’s
potential V(φ) is equal to the density of dark energy Λ.
String theory calculations, however, have suggested that
the slope of this potential V′ must be nonzero [41], call-
ing ΛCDM into question [42]. All the same, quintessence
models exacerbate the H0 tension [43, 44]. A possible
bolt-hole to this conclusion is to consider a (non-trivial)
coupling between dark matter and dark energy,
m(φ) ∝ exp{−c˜φ} , (4)
where c˜ ∼ O(1) in Planck units [45]. Such a coupling
leads to fading of dark matter in the recent cosmological
epoch which is compensated by a bigger value of dark
energy. A definite realization of the cosmological string
framework of fading dark matter has been given else-
where [46]. As shown in Fig. 4 the fading dark matter
hypothesis automatically produces larger values of H0
than ΛCDM, relieving tensions in the data but not fully
resolving them. Indeed the best fit value (c˜ = 0.3) yields
H0 = 69.06+0.66−0.73 km s
−1 Mpc−1 [45], which is characteristic
of all models with late dark energy modification of the
ΛCDM expansion history [47–53]. This is because the lo-
cal distance ladder calibrates SNe Ia far into the Hubble
flow and if dark matter fading takes place too recently
then it would raise H0 but without actually changing the
part of the Hubble diagram where the tension is inferred.
More concretely, by substituting the SH0ES calibration
to the Pantheon SNe Ia dataset, the ability of late times
dark energy transitions to reduce the Hubble tension
4FIG. 4: Rescaled posterior distributions of h (due to marginalization over additional free parameters) with different choices of Neff
in the ΛCDM 6 parameter fit of [40]. The rescaled posterior distribution of h for the best fit (c˜ = 0.3) of the fading dark matter
model is indicated with the dashed curve [45].The shaded areas indicate the 1σ and 2σ regions as determined by SH0ES [7].
drops effectively to H0 = 69.17 ± 1.09 km s−1 Mpc−1 [54].
Dirac neutrino masses, which are ubiquitous in
intersecting D-brane string compactifications [55, 56],
might come to the rescue [57]. After looking over the
distributions shown in Fig. 4 we can argue that the
combined effect produced by fading dark matter and
extra effective number of neutrino generations at the
CMB appears to have the potential to accommodate the
H0 tension if ∆Neff ∼ 0.5. Moreover, intersecting D-brane
models typically include enlarged gauge sectors which
are broken down to the SM gauge symmetry. If the
symmetry breaking scale is not too high, the associated
heavy Z′ gauge bosons could be within the LHC
reach, thereby relating the Hubble tension to precision
measurements at colliders. From (1) and Table I it is
straightforward to see that for Dirac neutrino masses,
the 95% CL upper bound ∆Neff < 0.214 prevents νR
decoupling at temperatures below the bb¯ freeze-out. If
we instead consider the less restrictive upper bound
∆Neff < 0.544 the three right-handed neutrinos could
decouple at the QCD crossover transition, such that the
mass scale of the associated Z′ gauge boson could be
probed by the LHC Run3.
THE DRAMATIS PERSONAE: We end with an up-
date of the results given in [57–59]. To develop our
program in the simplest way, we will work within the
construct of a minimal model. The gauge-extended
U(1)C⊗Sp(1)L⊗U(1)IR ⊗U(1)L D-brane model has the at-
tractive property of elevating the two major global sym-
metries of the SM (baryon number B and lepton number
L) to local gauge symmetries [60, 61]. The U(1)L symme-
try prevents the generation of Majorana masses, leading
to three superweakly interacting right-handed neutri-
nos. This also renders a B−L symmetry non-anomalous.
We now use the upper limit on ∆Neff derived by the
Planck Collaboration to show that the superweak inter-
actions of these Dirac states (through their coupling to
the TeV-scale IR gauge boson) permit right-handed neu-
trino decoupling on the QCD crossover transition.
As indicated in Table I at energies above the deconfine-
ment transition towards the quark gluon plasma, quarks
and gluons are the relevant fields for the QCD sector,
such that the total number of SM relativistic degrees of
freedom is g∗ = 61.75. As the universe cools down, the
SM plasma transitions to a regime where mesons and
baryons are the pertinent degrees of freedom. Precisely,
the relevant hadrons present in this energy regime are
pions and charged kaons, such that g∗ = 19.25 [62]. This
significant reduction in the degrees of freedom results
from the rapid annihilation or decay of any more mas-
sive hadrons which may have formed during the tran-
sition. The quark-hadron crossover transition therefore
corresponds to a large redistribution of entropy into the
remaining degrees of freedom. Concretely, the effective
number of interacting relativistic degrees of freedom in
the plasma at temperature T is given by
g∗(T) ' r(T)
(
gB +
7
8
gF
)
, (5)
with gB = 2 for each real vector field and gF = 2 for each
spin- 12 Weyl field [63]. The coefficient r(T) is unity for
leptons, two for photon contributions, and is the ratio
s(T)/sSB for the quark-gluon plasma. Here, s(T) (sSB) is
the actual (ideal Stefan-Boltzmann) entropy shown in
Fig 2. For 150 MeV < T < 500 MeV, we parametrize
the entropy rise during the confinement-deconfinement
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FIG. 5: Left. The parametrization of the entropy density given in (6) (dashed line) superposed on the result from high statistics
lattice simulations [64] (solid line). Right.Comparison of g∗(T) obtained using (7) (dashed line) and the phenomenological estimate
of [65, 66] (solid line).
changeover by
s
T3
' 42.82√
392pi
exp
[
− (TMeV − 151)
2
392
]
+
( 195.1
TMeV − 134
)2
× 18.62 exp[195.1/(TMeV − 134)]{
exp[195.1/(TMeV − 134)] − 1}2 . (6)
For the same energy range, we obtain
g∗(T) ' 47.5 r(T) + 19.25 . (7)
In Fig. 2 we show g∗(T) as given by (7). Our parametriza-
tion is in very good agreement with the phenomenologi-
cal estimate of [65, 66]. Using (1) and (7), and considering
3 νR flavors we determine the Tdec from the plasma for
the “observed” central value ∆Neff = 0.324 and the 95%
CL upper limit ∆Neff = 0.544, which bracket the required
∆Neff ∼ 0.5.
We now turn to useTdec in conjunction with the decou-
pling condition to constrain the masses and couplings of
the heavy gauge bosons. The physics of interest will be
taking place at energies in the region of the quark-hadron
crossover transition, so that we will restrict ourselves to
the following fermionic fields, and their contribution to
relativistic degrees of freedom: [3uR]+[3dR]+[3sR]+[3νL+
eL+µL]+[eR+µR]+[3uL+3dL+3sL]+[3νR]. This amounts
to 28 Weyl fields, translating to 56 fermionic relativistic
degrees of freedom. The right-handed neutrino decou-
ples from the plasma when its mean free path becomes
greater than the Hubble radius at that time. We calcu-
late the νR interaction rate Γ(T) and via the prescription
Γ(Tdec) = H(Tdec) we obtain the desired constraint,
geff
MZ′
=
( 3
∆Neff
)3/32  17.41MPl T3dec
1/4 , (8)
where geff is the effective coupling of theZ′ gauge boson,
MZ′ its mass, and MPl is the Planck mass [57–59]. In
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FIG. 6: The shaded region brackets the function geff(MZ′ ) in the
interval 0.324 < ∆Neff < 0.544. The condition of decoupling
for thermal equilibrium has been imposed. The horizontal line
indicates the effective coupling of a D-brane model in which
Z′ couples mostly to the third component of a right-handed
isospin IR. The chiral couplings of this gauge boson are tab-
ulated in [58]. Termination of the horizontal line on the left
reflects the LHC experimental limit on the mass of the gauge
boson [67–69].
Fig. 6 we show the geff −MZ′ parameter space consistent
with 0.324 < ∆Neff < 0.544. The model is fully predictive
and can be confronted with future data from LHC Run3.
THE TAKE HOMEMESSAGE: Solving the Hubble
(ΛCDM) tension is very much an ongoing enterprise.
The resolution of this conundrum will likely require a
coordinated effort from the side of theory, interpretation,
data analysis, and observation: CMBPol is expected to
reach a 2σ precision of ∆Neff = 0.09 [70] and CMB-S4 is
expected to reach a 2σ precision of ∆Neff = 0.06 [71]. If
the past is any guidepost to the future, we can expect
surprising results connecting string theory to data.
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